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(54) Information storage device 

(57) An information storage device (1 00) includes a 
cathodo-conductive medium (104) and pairs of elec- 
trodes (1 06 and 1 08) in contact with the medium (1 04). 
Data storage areas are located within regions between 
the electrode pairs (106 and 108). A read operation on 
data storage areas between a pair of electrodes (106 
and 108) may be performed by creating an electric field 
between the electrodes (106 and 108), scanning an 



electron beam (1 20) across the storage areas, and mon- 
itoring a cathodo-current created by the carriers. Chang- 
es in magnitude of the cathodo-current indicate the 
states of the storage areas. The energy beam may be 
supplied by an electron emitter (118) or a near-field op- 
tical source. 
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Description 

[0001] The present invention relates generally to in- 
formation storage devices, forexample information stor- 
age devices including energy beam sources such as, 
but not limited to, electron emitters and near-field optical 
sources. 

[0002] For decades, researchers have been working 
to increase storage density and reduce storage cost of 
information storage devices such as magnetic hard- 
drives, optical drives, and semiconductor random ac- 
cess memory. However, increasing the storage density 
is becoming increasingly difficult. Conventional technol- 
ogies appear to be approaching fundamental limits on 
storage density. For instance, information storage 
based on conventional magnetic recording is rapidly ap- 
proaching fundamental physical limits such as the su- 
per-paramagnetic limit, below which a magnetic bit is 
not stable at room temperature. 

[0003] Information storage devices that do not face 
these fundamental limits are being researched. One 
such device, an ultra-high density information storage 
device, includes multiple electron emitters having elec- 
tron emission surfaces that are proximate a storage me- 
dium. During a write operation, an electron emitter 
changes the state of a sub-micrometre sized storage ar- 
ea on the storage medium by bombarding the storage 
area with a relatively high intensity electron beam hav- 
ing an appropriate pulse shape and amplitude. If the 
storage medium is based upon a phase-change mate- 
rial, the storage area might be changed from a crystal- 
line state to an amorphous state or vice-versa. By 
changing the state of the storage area, a bit is written to 
the storage area. 

[0004] During a read operation on a storage area, an 
electron emitter bombards the storage area with an 
electron beam. A resulting signal is detected to deter- 
mine the state of that storage area. The electron beam 
used for read operations can be of a relatively low in- 
tensity so as not to change the state of the storage area. 
[0005] The present invention seeks to provide im- 
proved information storage. 

[0006] According to an aspect of the present inven- 
tion, there is provided a storage device as specified in 
claim 1 . 

[0007] According to another aspect of the present in- 
vention, there is provided an information storage device 
as specified in claim 10. 

[0008] In the preferred embodiment, a storage area is 
located within a region between two electrodes in con- 
tact with a cathodo-conductive medium. A state of the 
storage area is read by generating an electric field 
across the region between the electrodes; bombarding 
the storage area with an energy beam; and monitoring 
the magnitude of a current flowing between the elec- 
trodes. 

[0009] An embodiment of the present invention is de- 
scribed below, by way of example only, with reference 



to the accompanying drawings, in which: 

Figure 1 is an illustration of an embodiment of infor- 
mation storage device; 
5 Figures 2 and 3 are illustrations of different elec- 

trode patterns for the information storage device of 
Figure 1; and 

Figure 4 is a flowchart of an embodiment of method 
of reading a storage area on the information storage 
10 device. 

[0010] The described embodiment provides an ultra- 
high density information storage device. The storage 
device can have a relatively high current gain (defined 

'5 herein as the ratio of signal current to electron beam 
current), even with relatively low energy beams. In some 
cases, reasonable signal current can be attained even 
with beam energy of less than 50 eV. Thus, power con- 
sumption is relatively low. dielectric breakdown is less 

20 likely, and design of a power supply for the storage de- 
vice is simplified. 

[0011] Referring to Figure 1 , the storage device 100 
includes an electrically insulating substrate 102 and a 
cathodo-conductive medium 104. The substrate 102 

25 may be made of silicon having an oxidised top layer. A 
cathodo-conductive medium 104 is on the oxidised top 
layer. For example, the cathodo-conductive medium 
104 may be made of a cathodo-conductive chalcoge- 
nide-based phase change material made of at least one 

30 of following seven elements: Se, Te, S, Sb, Ag, In and 
Ga. 

[0012] Preferably the material has a high "dark" re- 
sistivity when not impinged by an energy beam and, 
therefore, has low "dark current". The cathodo-conduc- 

35 tive medium 1 04 may include a single layer of the catho- 
do-conductive material, multiple layers of the same 
cathodo-conductive material, or multiple layers of differ- 
ent cathodo-conductive materials. 
[0013] Local areas of the cathodo-conductive materi- 

40 al can be reversibly changed between at least two states 
by application of focused radiation with appropriate time 
dependence of power amplitude. For instance, local ar- 
eas may be changed between amorphous and crystal- 
line states, or they may be changed between different 

45 crystalline states. The state of an area may be changed 
from crystalline to amorphous by heating the area with 
a high intensity energy beam, enough to melt the phase 
change material, and then quickly decreasing the inten- 
sity of the beam to quench the area. Quenching a phase- 

50 change material causes it to cool rapidly into an amor- 
phous state without time to anneal. The state of an area 
may be changed from amorphous to crystalline by using 
an energy beam to heat the phase-change material, just 
enough to anneal it. 

55 [0014] A plurality of spaced-apart electrodes makes 
contact with the same cathodo-conductive medium 1 04. 
Only one pair of first and second electrodes 106 and 
108 is shown. The cathodo-conductive material of the 
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cat ho do-conductive medium 104 may be deposited 
over or under the electrodes 106 and 108. 
[0015] An information storage region is located be- 
tween the electrodes 106 and 108. The storage region 
includes a multitude of storage areas, with each storage 
area storing a bit of data. Only four storage areas 
1 1 0,1 1 2 1 1 4 and 1 1 6 are shown in Figure 1 . The storage 
areas may be arranged in rows and columns. The value 
of a bit depends upon the state of the storage area. The 
storage areas are sub-micrometre size. For example, 
the storage areas may be no more than about 1 0 nm to 
30 nm in diameter and the centres of the storage areas 
may be no more than 50 nm apart. Storage area diam- 
eter is limited by factors such as energy beam diameter, 
energy beam shape, positioning accuracy, inter-symbol 
interference and signal-to-noise ratio. If a phase- 
change material is used, the storage area diameter is 
also limited by how small an amorphous bit can be made 
stable in a crystalline matrix or how small a crystalline 
bit can be made stable in an amorphous matrix. 
[0016] The storage device 100 also includes an array 
of energy beam sources such as electron emitters 118 
(only one electron emitter 11 8 is shown in Figure 1). Var- 
ious types of electron emitters 118 that may be used in- 
clude, without limitation, field emitters, thermionic emit- 
ters and flat cathode emitters. An electron emitter 118 
emits an electron beam 1 20 having appropriate time de- 
pendence of power amplitude to change a storage area 
between amorphous and crystalline states or between 
different crystalline states. Electron emission surfaces 
of the electron emitter 118 are proximate the cathodo- 
conductive medium 104. Electron optics may be used 
to focus the electron beam 120. 
[0017] The electron emitter 118 may be a point-emit- 
ter having a very sharp point. Radius of curvature may 
be about one nanometer to hundreds of nanometers. 
During operation, a pre-selected potential difference is 
applied between the electron emitter 118 and its corre- 
sponding gate electrode. Due to the sharp point of the 
electron emitter 118, an electron beam current is ex- 
tracted from the electron emitter 118 towards the stor- 
age area 1 1 2. One such type of an electron emitter 1 1 8 
is known as a "Spindt" emitter. 

[0018] A constant current source 1 1 9 may be used in 
conjunction with the electron emitter 118. The constant 
current source 119 regulates the electron beam current 
at the desired amplitude. A simple constant current 
source may be realised by a FET near the electron emit- 
ter 118. 

[0019] Micromovers may be used to scan the array of 
electron emitters 118 along the surface of the cathodo- 
conductive medium 104. Exemplary micromovers are 
described in assignee's US patent no. 5,986,381 . These 
electron emitters 1 1 8 and micromovers may be fabricat- 
ed by standard semiconductor micro-fabrication tech- 
nology. 

[0020] A power supply 122 applies a bias voltage 
across the electrodes 106 and 108 during a read oper- 



ation. When the bias voltage is applied to the electrodes 
106 and 108, an electric field E is induced in the plane 
of the cathodo-conductive medium 1 04 and a dark cur- 
rent flows between the electrodes 106 and 108. The 
5 power supply 122 may be fabricated on the substrate 
102 or it may be provided off-chip. 
[0021] During read operations on storage areas be- 
tween the electrodes 106 and 108, an electron beam 
120 is scanned between the electrodes 106 and 108 
10 while the bias voltage is being applied to the electrodes 
1 06 and 1 08. When the electron beam 1 20 bombards a 
storage area 112 between the electrodes 106 and 108, 
electron carriers and hole carriers are created. The elec- 
tric field E accelerates the free carriers towards the elec- 
ts trodes 1 06 and 1 08 until they recombine with other car- 
riers. The electron carriers and the hole carriers need 
not necessarily reach the electrodes 106 and 108 for a 
signal current to result. The movement of the electrons 
and the holes causes a current to flow within the read 
20 circuit 124. This current is referred to as cathodo-cur- 
rent. 

[0022] Assuming a constant intensity read beam, the 
rate at which electrons and holes are generated de- 
pends up the state of the storage area 112 If a phase- 
25 change material is used, a contrast in cathodo-current 
current magnitude results from the difference in material 
properties of a written (e.g., amorphous) and unwritten 
(e.g., crystalline) areas. The electron density of states 
and geminate recombination rate are different for the 
30 written and unwritten areas, resulting in a difference in 
the rate at which free carriers are generated (the gemi- 
nate recombination rate may be characterised as the 
rate at which the initially created electron-hole pairs re- 
combine before they can be separated into free carri- 
es ers). Further current magnitude contrast may be obr 
tained from differences in the lifetime or mobility of the 
free carriers for written and unwritten areas. For exam- 
ple, geminate recombination for free carriers will be 
higher, mobility lower and carrier lifetime shorter, in an 
40 amorphous material than in the crystalline material. Ad- 
ditional contrast may arise from differences in resistivity 
and the effects at the interface (e.g., built-in fields, inter- 
face recombination, band offsets, interface traps) be- 
tween written and unwritten areas. Thus the interface 
45 effects can cause a contrast in cathodo-current depend- 
ing upon the state of the material that is impinged by the 
electron beam. 

[0023] Consequently, the cathodo-current magnitude 
of a written storage area 11 2 is different than the catho- 

50 do-current of an unwritten storage area 112. The mag- 
nitude of the difference in cathodo-current is discernibly 
greater than magnitude of the noise in the dark current. 
[0024] By monitoring changes in the magnitude of the 
cathodo-current while scanning the read energy beam, 

55 the state of the storage area 112 can be determined. 
The changes in the magnitude of the cathodo-current 
may be detected by a read circuit 1 24, which is connect- 
ed between one of the electrodes 106 and 108 and a 
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reference potential. The read circuit 124 may include 
one or more amplifier stages for amplifying the cathodo- 
current and a current-to-digital converter ("IDC") for con- 
verting the amplified cathodo-current into a digital value. 
The read circuit 1 24 may be fabricated on the substrate 
1 02 or it may be off -chip. An output 1 26 of the read circuit 
124 indicates magnitude of the cathodo-current. 
[0025] The storage device 100 has a "built-in current 
gain mechanism". Current gain can be made much 
greater than unity. For a given bias between the elec- 
trodes 106 and 108, the current gain may be increased 
by increasing the ratio a/b, where a is the distance that 
a carrier travels before recombination, and b is the dis- 
tance between the electrodes 1 06 and 1 08. Large con- 
trast in current gain will generally be displayed by ma- 
terials having relatively large differences in geminate re- 
combination rate, carrier mobility and carrier lifetime. 
[0026] After a free carrier is created, it might cross a 
number of written and unwritten storage areas before 
recombination occurs. This can lead to inter-symbol in- 
terference, that is, interference between bits. Such inter- 
symbol interference may be reduced by making the bits 
shallow relative to the thickness of the cathodo-conduc- 
tive medium 104. As an example, the electric field E at 
any point in the cathodo-conductive medium 1 04 will de- 
pend upon the size, shape, number and position of sur- 
rounding storage areas. The inter-symbol interference 
arises, in part, because the cathodo-current is influ- 
enced by the electric field E along the path that carriers 
take through the cathodo-conductive medium 104. 
Shallow data storage areas ameliorate this problem. 
The data storage areas may be made shallow by con- 
trolling power/duration of the electron beam 120, thick- 
ness of the cathodo-conductive medium 1 04 and ther- 
mal properties (e.g., heat capacity, thermal conductivity) 
of the cathodo-conductive medium 104 and the sub- 
strate 102. 

[0027] If the magnitude of the dark current is too large, 
the cathodo-current might be obscured. This problem 
can be overcome by forming blocking contacts at the 
electrodes 106 and 108. The blocking contacts may be 
formed, for example, by using metals for the electrodes 
1 06 and 1 08 that create Schottky barriers with the catho- 
do-conductive medium 104. The Schottky barriers can 
be arranged to impede the dark current but not impede 
the cathodo-current. Different metals for the electrodes 
106 and 108 may be used. For instance, one metal 
might be used for one electrode 1 06 to block carriers of 
one polarity, and/or another metal might be used on the 
other electrode 1 08 to block carriers of the opposite po- 
larity. 

[0028] The emitter array may contain any number of 
electron emitters 118. For example, the emitter array 
may include hundreds or thousands of electron emitters 
118. The electron emitters 1 1 8 may be addressed simul- 
taneously or in a multiplexed manner during read and 
write operations. 

[0029] With hundreds or thousands of electron emit- 
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ters reading and/or writing information in parallel, the 
storage device 1 1 0 has very fast access times and data 
rates. Electrode pairs such as electrodes 106 and 108 
may divide the cathodo-conductive medium 104 into 

5 many different storage regions. There may be any 
number of electron emitters 118 per electrode pair, but 
only one electron emitter per region is used at any given 
time. For example, an array may include ten thousand 
electron emitters, and one hundred pairs of electrodes 

10 106 and 108 may be in contact with the cathodo-con- 
ductive medium 104. The one hundred electrode pairs 
define one hundred data storage regions. 
[0030] During a read operation, the micromover 
moves the array to a new location, then one hundred 

15 bits (i.e., data storage areas) are read by one hundred 
electron emitters 118, then another one hundred bits are 
read by one hundred different electron emitters, and so 
on until all ten thousand probes have read a bit. The 
micromover then shifts the array to a new location . and 

20 another ten thousand bits are read (the micromover may 
instead move the array continuously, with the data stor- 
age areas being staggered). Each of the one hundred 
electron emitters 118 active at a given time would be 
operating between a different electrode pair 106 and 

25 1 08. 

[0031 ] Figure 2 shows a possible pattern for the elec- 
trodes 1 06 and 1 08. The first and second electrodes 1 06 
and 1 08 are interdigitated. A read circuit 124 is provided 
for each pair of electrodes 106 and 108, with each first 
30 electrode 1 06 being connected to a read circuit 1 24 and 
each second electrode 1 08 being connected to the pow- 
er supply 122. 

[0032] Figure 3 shows another possible pattern for the 
electrodes 106 and 108. The second electrode 108 is 
35 shared or common and the first electrodes 1 06 are cou- 
pled to read circuits 124. The power supply 122 biases 
the common electrode 1 08 relative to the first electrodes 
106. 

[0033] There may be one first electrode 1 06 per read 
40 circuit 124, or there may be multiple first electrodes 106 
per read circuit. Multiplexers may be used to connect 
multiple first electrodes 1 06 to a single read circuit 1 24. 
[0034] To minimise noise due to leakage currents, the 
storage medium may be broken into separate regions, 
45 each with its own pair of interdigitated fingers and read 
circuit 124 (as shown in Figure 2). To minimise the area 
wasted on electrodes, on the other hand, the common 
electrode would be more efficient (as shown in Figure 3). 
[0035] Too long an electrode could cause excessive 
50 dark current. The dark current, if too large, could make 
it more difficult to detect magnitude changes in the 
cathodo-current. Fragmenting the electrodes can re- 
duce the dark current. 

[0036] Figure 4 illustrates a method of reading a stor- 
es age area between two electrodes. A voltage is applied 
across the electrodes to create an electric field across 
the region between the electrodes (block 202). As a re- 
sult of the electric field, a dark current having a nominal 
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magnitude flows between the electrodes. An energy 
beam is scanned across the regions between the elec- 
trodes. When the energy beam bombards the storage 
area, electron-hole pairs in the cathodo-conductive lay- 
er are generated near the surface of the cathodo-con- 
ductive medium (block 204). The electric field, which ex- 
tends to the surface of the cathodo-conductive medium, 
accelerates the electron-hole pairs towards the elec- 
trodes (block 206), resulting in an increase in the mag- 
nitude of the current flowing between the electrodes. 
[0037] Magnitude of the current flowing between the 
electrodes is monitored to determine the state of the 
storage area (block 208). Thecathodo-currenthas afirst 
magnitude if the storage area is at a first state, and the 
cathodo-current has a second magnitude if the storage 
area is at a second state. Thus, the change in current 
magnitude indicates the state of the storage area and, 
therefore, the value of the bit. 

[0038] Thus disclosed is an ultra-high density storage 
device 100 having a relatively high current gain, even 
when the electron beam has a relatively low energy. 
Thus, power consumption can be kept relatively low, di- 
electric breakdown can be minimised, and design of a 
power supply for the device can be simplified. 
[0039] The storage device 100 does not rely upon 
changes in tunnelling or emission currents due to 
changes in the property of the storage medium (e.g., re- 
sistivity, topography) to read the data storage areas. 
Therefore, either constant current sources may be em- 
ployed in series with electron emitters, or the emission 
current may be separately monitored and normalised 
out of the measured cathodo-current. Consequently, the 
storage device 1 00 can be made insensitive to changes 
in tip-to-media spacing, changes in emitter properties or 
other changes that can affect electron beam current. 
[0040] In the storage device 1 00, the number of con- 
straints placed on the material properties of the cathodo- 
conductive medium 1 04 and substrate 1 02 are reduced 
as compared to an approach such as a "diode ap- 
proach". For instance, the storage device 100 may in- 
clude a phase-change layer 104 that does not form a 
good, low-leakage diode with the substrate 102, and it 
may include a substrate 102 that does not form a good 
diode with the phase-change layer. 
[0041] There is also more leeway to choose a sub- 
strate material that has optimal thermal properties for 
writing. The substrate 1 02 of the storage device 1 00 
needs only to be electrically insulating. 
[0042] The resistivity of the phase-change material 
can be larger than in the diode approach. Large electric 
fields that extend all the way to the surface of the catho- 
do-conductive medium may be applied, which is of great 
benefit when using low-energy electron read beams that 
only penetrate a few nm into the phase-change layer. 
Largercurrent gains (ratio of signal currentto read beam 
current) are possible. 

[0043] The cathodo-conductive layer is not limited to 
materials that can be changed between crystalline and 



8 

amorphous states. The material may use any change of 
state or condition that affects the cathodo-current, pro- 
vided that a large signal contrast results when areas 
having different states or conditions are bombarded by 

5 the energy beam. For example, the cathodo-conductive 
layer may rely upon locally trapped charges, local 
changes in the number or nature of defect states, or con- 
formational changes in polymers. 
[0044] The energy beam source is not limited to elec- 

10 tron emitters. The energy beam source may be any oth- 
er flux-generating source that causes electron-hole 
pairs to be created in the cathodo-conductive layer. For 
example, a near-field optical source can generate a light 
beam that creates electron-hole carriers in the cathodo- 

15 conductive layer (cathodo-conductive materials are 
usually photo-conductive as well). A near field optical 
source in close proximity to the storage medium would 
achieve high data density, or spatial resolution, beyond 
that achievable by diffraction limited optics. 

20 [0045] A third electrode may be used to detect the 
cathodo-current. The electric field may be provided by 
an element external to the storage device. 
[0046] In Figure 1 , the electrodes are shown on top of 
the substrate (and under the cathodo-conductive medi- 
cs um). However, the electrodes may be fabricated over or 
at the same level as the cathodo-conductive medium. 
The electrodes may instead be stacked vertically with 
the cathodo-conductive medium, with each pair of op- 
posing electrodes sandwiching a layer of cathodo-con- 

30 ductive material. 

[0047] The electrodes are not limited to the geometry 
and patterns shown in Figures 2 and 3. The electrodes 
may be arranged in patterns other than interdigitation. 
The electrodes may have a geometry other than straight 

35 and elongated. For example, the electrodes may be ser- 
pentine-shaped. 

[0048] Dimensions of the electrodes, distances be- 
tween the electrodes and bias voltages applied to the 
electrodes are device-specific. Generally, it is desirable 

40 to space the electrodes as far apart as possible, while 
maintaining a sufficient electric field that can accelerate 
the electron- hole carriers towards the electrodes. In- 
creasing the spacing reduces the number of electrodes, 
which, in turn, increases the usable storage surface of 

45 the device. 

[0049] The electric field need not be in-plane. It need 
only be sufficient to accelerate free carriers towards 
electrodes. 

[0050] Within a storage region, the storage areas may 
50 be arranged in rows and columns. However, the storage 
areas are not limited to such an arrangement. 
[0051] The disclosures in United States patent appli- 
cation 09/652,777 and in the abstract accompanying 
this application are incorporated herein by reference. 
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Claims 

1. A storage device (100) including: 

a storage medium including a cathodo-conduc- 
tive medium (104) and a pair of spaced apart 
electrodes (1 06, 1 08) in contact with the catho- 
do-conductive medium (104), a data storage 
region being between the electrodes (106, 
108); and 

at least one energy beam source (118) associ- 
ated with the storage region; the electrodes 
(106,108) being designed to receive a voltage 
during read operations on storage areas 
(110,112,114,1 ;1 6) within the storage region, 
the voltage creating an electric field (E) across 
the storage region. 



means for using a first energy beam to change 
locally properties of the medium such that a 
change in induced cathodo-current occurs 
when a second energy beam is scanned across 
the medium. 



10 



15 



2. A device as in claim 1 , wherein the storage areas 
(110,112,114,116) are sub-micrometre in size. 



20 



3. A device as in claim 1 or 2, wherein the cathodo- 
conductive medium (104) is made of a phase- 
change material. 



A device as in claim 1 , 2 or 3, wherein the cathodo- 
conductive medium (104) is changeable between 
at least two different states having properties that 
cause a substantial contrast in cathodo-current 
when impinged by an energy beam. 



30 



5. A device as in claim 4, wherein the properties in- 
clude at least one of geminate recombination rate, 
carrier mobility, carrier lifetime, resistivity, electron 
density of states, and interface effects that cause a 
contrast in cathodo-current when impinged by an 
energy beam (120). 



35 



A device as in any preceding claim, including a 
source (1 22) for applying a bias voltage across the 
electrodes during a read operation, wherein the 
voltage creates the electric field. 



40 



A device as in any preceding claim, including a read 
circuit (124) for detecting changes in magnitude of 
a cathodo-current flowing between the electrodes 
(106,108) during a read operation. 



45 



A device as in any preceding claim, wherein the 
electrodes (106, 108) form blocking contacts. 



50 



9. A device as in any preceding claim, wherein the da- 
ta storage areas (110,112,114,116) are shallow rel- 
ative to the cathodo-conductive medium (1 04). 

10. An information storage device (100) including: 

a cathodo-conductive medium (104), and 
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